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Abstract: 3 
A successful approach phase is key to achieving high performances in the pole vault. The aim of this 4 
study was to explore the nature of locomotor control patterns during the pole vault approach phase. 5 
Fourteen well-trained athletes performed ten jumps which were recorded using 2D video sampling at 6 
200 Hz and analysed. Key kinematics were reconstructed from camera data using a modified 2D-DLT. 7 
Patterns of regulation were determined from the standard deviation of footfall locations during the 8 
approach phase. These patterns were found to be highly individual but structural differences between 9 
those who did and those who did not regulate were identified. Regulation of locomotion was associated 10 
with an ability to produce functionally adaptable movement patterns and the consistent achievement of 11 
desired performance outcomes. Coaches should include training exercises that require intentional use 12 
of regulation to aid athletes in achieving the flexibility to adapt to changing constraints during the 13 
approach phase. Athletes should be considered on an individual basis in order to effectively, efficiently 14 
and safely improve performance.  15 
Keywords: Pole vault, approach phase, regulation, adaptability. 16 
Introduction: 17 
Pole vaulting requires athletes to clear a high horizontal cross bar using a flexible vaulting pole. In order 18 
to achieve the correct take-off characteristics and maximise the potential to be successful the athlete 19 
must satisfy a number of demands during the approach phase. These include concurrently achieving a 20 
high horizontal velocity, coordinating the lowering of the pole into the plant box and consistently 21 
achieving an accurate take-off position. Various studies have examined different aspects of the pole 22 
vault from kinematics (Hay, 1994; Angulo-Kinzler et al., 1994), energetics (Schade, Arampatzis & 23 
Brüggemann, 2000; 2004; 2006), and simulation (Hubbard, 1980; Ekevad & Lundberg, 1995; Liu, 24 
Nguang & Zhang, 2011) perspectives. Previous research has established that greater peak heights are 25 
associated with high horizontal velocities during the approach phase (Greig & Yeadon, 1997; 26 
Adamczewski & Perlt, 1997; Frere et al., 2010). Frere et al. (2009) concluded that pole carriage caused 27 
decreases in running velocity (6.6%) as a result of significantly reduced step lengths in novice athletes, 28 
but these finding were from an unconstrained run with no requirement to achieve a desired take-off 29 
location or perform the rest of the jump.  30 
A reconceptualisation of pole vault performance can be derived from the constraints lead 31 
approach (McGinnis & Newell, 1982) which considers the interaction of the athlete, task and 32 
environment, based on the Dynamical Systems Theory (DST) (Newell, 1986). Unique to pole vault is 33 
the task constraint, created by the need to carry and coordinate the lowering of a vaulting pole and the 34 
spatio-temporal constraint created by the necessity to take-off in a specific location (plant box) with the 35 
absence of a visual and physical target (e.g. take-off board in long jump and triple jump (Lee, Lisham 36 
& Thompson, 1982; Hay & Koh, 1988).  37 
The need for the athlete to achieve a precise and consistent take-off location is essential for 38 
success. This consistency at take-off can be considered to correspond to the concept of low end-point 39 
variability of footfall location, which is considered to be a key performance factor within pole vault 40 
coaching literature (Richardson, 2012) as well as for wider gait-regulated disciplines such as long and 41 
triple jump (Hay & Koh, 1988). Consistent performance outcomes can be achieved by different patterns 42 
of coordination (Bernstein, 1967) and as such, movement pattern variability can be considered 43 
functional if it permits the performer the flexibility to adapt to changing constraints during goal -directed 44 
actions (Barris, Farrow, & Davids, 2014). The concept of degeneracy provides the theoretical framework 45 
to explain functional movement variability and provides athletes with robustness against perturbations 46 
(Whitacre & Bender, 2010; Davids et al., 2013; Seifert et al., 2013). Movement patterns can be 47 
continuously adapted in a functional way to allow skilled consistent performance outcomes rather than 48 
attempting to utilise rigid, stereotyped movement patterns (Barris et al., 2014). Evidence from gait-49 
regulated tasks such as triple-jump (Wilson et al., 2008) demonstrates that individuals are capable of 50 
finding different ways to achieve the same performance outcome, even under similar task and 51 
environmental constraints. In gait-regulated tasks such as the pole vault approach phase, it has been 52 
proposed that performers make adjustments through visual control mechanisms (Lee et al., 1982; Hay, 53 
1988; Glize & Laurent, 1997; Bradshaw, 2004) where by the athlete uses perceptual reference points 54 
close to the target to control locomotion. This visual information provides a continuous regulation 55 
process based on a perception-action coupling (Montagne, Cornus, Glize, Quaine, & Laurent, 2000). 56 
Locomotor control mechanisms have been explored extensively within gait-regulated tasks such as 57 Formatted: Not Highlight
long jumping, gymnastics vaulting and walking tasks, and appear to be present across populations, 58 
regardless of the athlete’s level of skill (Bradshaw & Aisbett, 2006), age (Berg et al., 1994, Panteli et 59 
al., 2014), or familiarity with the task (Scott et al., 1997). Typically these control mechanisms have been 60 
studied using spatio-temporal variables such as changes in step length and footfall location variability 61 
(Lee, Lisham & Thompson, 1982; Hay, 1988) with additional insight being provided by the assessment 62 
of the relationship between the adjustments in step length required and adjustments produced to 63 
successfully complete the task (Montagne et al., 2000).  64 
In the context of pole vaulting, little is known about the approach phase which is more complex 65 
in nature than previously studied tasks (e.g. walking, long jump, gymnastics vault etc.) due to additional 66 
constraints such as pole carriage, discussed above, and a higher risk of serious injury should the task 67 
not be completed correctly. Some evidence (Hay, 1988) exists to support the notion that elite male pole 68 
vaulters utilise similar control strategies to other gait regulated tasks but further research is required to 69 
assess and understand the strategies of elite and developing skill levels. The aim of this study was to 70 
explore the nature of locomotor control patterns during the pole vault approach phase. The purpose of 71 
gaining this information was to inform coaches when prescribing approach phase training exercises.  It 72 
was hypothesised that athletes would present individual patterns of locomotion regulation during the 73 
pole vault approach phase. 74 
 75 
 76 
Methods:  77 
 78 
Participants 79 
Ethical approval was granted by the University’s Research Ethics Committee and all participants 80 
provided written informed consent. Eleven male (mean ± SD age: 21 ± 4 years, height: 1.85 ± 0.07 m, 81 
mass: 76.7 ± 12.7 kg) and three female athletes (mean ± SD age: 17 ± 3 years, height: 1.63 ± 0.02 m, 82 
mass: 60.9 ± 6.25 kg) were recruited. Performance level was assessed against the current senior world 83 
record. Male personal bests ranged between 70% and 90% of the world record while female personal 84 
best ranged between 65% and 80% of the world record. 85 
Experimental set-up 86 
Data collections were conducted during a single session at an indoor athletics centre. Kinematic data 87 
were collected using four HDV cameras (Type HVR – Z5E; Sony, Japan) placed at a perpendicular 88 
angle, 25 m from the approach runway (Figure 1). A sample rate of 200 Hz was selected with a shutter 89 
speed of 1/425 s and an open iris. Calibration of the performance area was achieved using a single 90 
object of known distances placed sequentially alone the centre of the runway to create a 40 m x 3 m 91 
plane. Additional recordings were made with a second object consisting of markers of known distances 92 
in order to test accuracy and precision of reconstruction.  93 
 94 
**************** FIGURE 1 NEAR HERE ***************** 95 
 96 
Anthropometric data were collected before participants conducted a self-selected warm-up similar to 97 
that normally used during their training sessions. Each participant was required to perform ten jumps 98 
over an elastic training bar set between 95-98% of their personal best from a full approach run of self-99 
selected distance. Bar height was determined following discussions with national level coaches. This 100 
height range was selected to encourage athletes to perform a regular jump without invoking 101 
performance changes that might be associated with attempting to perform jumps at maximal or 102 
substantially submaximal heights. Successful jumps (where the athlete attempted to complete a full 103 
jump over the bar) were assessed qualitatively by an experienced national level pole vault coach who 104 
was present at all data collections. Any trial that was qualitatively deemed to be unsuccessful was 105 
discarded. Participants were instructed to allow for full recovery between trials. The number of attempts 106 
required to complete the requisite number of jumps was recorded for each athlete. This data was used 107 
to determine success rate. 108 
Data Analysis 109 
Camera images were imported to MATLAB (V2013b; The Mathworks Inc. Natick, USA) where an open 110 
source digitisation toolbox (Hedrick, 2008) was used to locate the position of desired landmarks. These 111 
landmarks included the vertex, C7, hip, shoulder, elbow, wrist, knee, ankle, MTP joint centres and 112 
proximal and distal end of the pole. A modified 2D-Direct Linear Transformation (DLT) (Woltring & 113 
Huiskes, 1990) was used and a ninth parameter was added to account for the non-linearity of the lens 114 
in accordance with Walton (1981). Total body centre of mass (CoM) locations in the vertical (z) and 115 
horizontal (y) axes were calculated using de Leva’s (1996) model. CoM location of the foot segment 116 
was calculated using Winter’s (2009) model with an additional mass, determined by weighting each 117 
participants shoe, added to account for each individual’s footwear mass (Bezodis, 2008). Additionally, 118 
pole mass and CoM locations were ascertained using a balance test. 119 
For each participant, spatio-temporal characteristics including step velocity (SV), step length 120 
(SL) and step frequency (SF) were calculated in accordance with Bezodis et al., (2008). Instances of 121 
touch-down and toe-off were identified in order to calculate the duration of ground contact time (GCT) 122 
and flight time (FT). Between-trial variability of the toe-to-plant box distance were assessed via the 123 
standard deviation of each footfall location in the y-direction (SDff).  124 
Participants were grouped post-hoc as either regulators or non-regulators utilising the regulation 125 
definitions of Hay (1988) and Berg et al. (1994). Examples of each pattern are provided in figure 2. 126 
These definitions were as follows:  127 
- Ascending/Descending Pattern (A/D) – An overall increase in the SDff proceeded by a marked 128 
and systematic decrease in SDff. 129 
- Ascending Only (AO) – Only, a systematic increase in SDff is observed. 130 
- Random Fluctuations (RF) – Small, random-like fluctuations are present in SDff throughout the 131 
approach phase.  132 
Based upon these definitions participants were grouped, post-hoc as either regulators or non-133 
regulators. Step numbers are denoted so that ‘final’ represents the final ground contact, ‘penultimate’ 134 
represents the step immediately preceding the final step, ‘-3’ represents the step preceding the 135 
penultimate step… and so on.  136 
 137 
************ FIGURE 2 NEAR HERE ************** 138 
 139 
 140 
In accordance with previous gait regulation research (Hay, 1988; Montagne et al., 2000; Renshaw 141 
& Davids, 2004) SDff for each step, the distribution of adjustments for the final six steps and an intra-142 
step analysis of adjustment required and adjustments produced for the final six steps were calculated.  143 
SDff profiles for each step allow for consistency of footfall placement to be mapped across the entire 144 
approach phase. Due to the differing approach lengths utilised by participants (12-18 steps) data 145 
presented in Figure 3 were time normalised to 101 data points in order to clearly present each 146 
individual’s SDff pattern. 0% represents the first footfall location of the approach phase i.e. at the end of 147 
the first step and 100% represents the end of the approach phase i.e. the take-off step. 148 
Intra-step analysis was conducted by assessing the relationship between the magnitudes of step 149 
adjustments required and produced. Adjustment required (AdjR) were calculated as the difference 150 
between the mean footfall location across all trials and the actual footfall location for a given step. 151 
Adjustments produced (AdjP) were calculated as the difference between the mean step length across 152 
trials and the actual subsequent step length (Montagne et al., 2000). Linear regression analyses were 153 
utilised in order to assess the extent to which performers were capable of producing the required 154 
amount of adjustment for each step of the run-up. A Shapiro-Wilk test confirmed that data were normally 155 
distributed. 156 
In order to explore the underlying structure of variables discussed above for each group, a principle 157 
components analysis (PCA) was implemented. Input variables were selected based upon the 158 
underlying theory (Hair et al., 2010) utilising variables that describe locomotor regulation during the 159 
approach phase. Eight variables were loaded into the PCA input matrix (CoM Velocity, SL, SF, GCT, 160 
FT, SDff, AdjR, AdjP). Sampling adequacy was confirmed using a Kaiser-Meyer-Olkin test. For each 161 
group, data were processed for a PCA using a custom written script in MATLAB (V2016a; The 162 
Mathworks Inc. Natick, USA). The number of principle components required to explain 95% of the 163 
variance in the data were computed using a Scree test criterion. For each of these identified principle 164 
components (PC), a set of component coefficients were also produced. Component coefficients 165 
represent the correlation coefficients between the variables and the principles components. Component 166 
loadings exceeding ±0.4 were considered to indicate significant loading (Hemphill, 2003) and any 167 
variable which was similarly correlated to multiple components was considered to cross-load, and was 168 
therefore discarded from the analysis.  169 
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Results: 171 
SDff patterns that were identified to match the A/D pattern (n = 8) were deemed to show evidence of 172 
regulation while patterns matching either the R/F (n = 3) or A/O (n = 3) pattern were deemed to not 173 
show evidence of regulation based upon this measure. Example SDff patterns for each regulation 174 
definition are shown in figure 2. For the regulation group, 94% of jumps were deemed to be successful 175 
while for the non-regulation group, 54% of the jumps were deemed to be successful.  176 
 177 
*********** FIGURE 3 NEAR HERE **************** 178 
 179 
For the regulation group mean take-off location accuracy was 0.10 m ± 0.04 m with a maximum 180 
SDff during the approach of 0.15 m ± 0.05 m, while for the non-regulation group, mean take-off location 181 
accuracy was 0.09 m ± 0.05 m with a maximum SDff during the approach of 0.09 m ± 0.05 m. The step 182 
for the onset of regulation for the regulation group was between step -5 and -2 while no such step could 183 
be identified for the non-regulation group.  184 
Intra-step regression analysis described the linear relationship between the amount of AdjR and 185 
the amount of AdjP. In the regulation group intra-step analysis revealed statistically significant 186 
correlation coefficients (p <0.05) between AdjR and AdjP at the penultimate and final steps (Figure 4, 187 
left). No correlation coefficients were found to be significant in the non-regulation group (p >0.05) at any 188 
step (Figure 4, right).  189 
************ FIGURE 4 NEAR HERE *************** 190 
 191 
Results of the PCA analysis showed that at least 95% of the variance was accounted for in six 192 
and five principle components for the regulation group and non-regulation group respectively. The first 193 
principle component accounted for 38% of the variance for the regulation group and 39% of the variance 194 
in the non-regulation group.  195 
******** TABLE 1 NEAR HERE ******** 196 
For the regulation group (Table 1), PC1 and PC3 were most heavily loaded with variables which 197 
represent regulation of locomotion (i.e. SDff and SL on PC1 and AdjP and AdjR on PC3).  CoM Velocity 198 
was found to cross-load between PCs and was discarded. In contrast for the non-regulation group 199 
(Table 1), CoM Velocity loaded heavily on PC1. SDff and AdjP were cross loaded between PCs.  200 
Discussion and Implications: 201 
Based on the underlying mechanics of the pole vault approach phase and applying the paradigm of 202 
Dynamical Systems Theory (DST) this study aimed to explore the nature of locomotor control patterns 203 
during the pole vault approach phase. The purpose was to add to the knowledge of regulation of 204 
locomotion during complex skills and to inform coaches who prescribe approach phase training 205 
exercises.  206 
Pole vaulters in this study demonstrated three distinct patterns off SD ff. The majority of pole 207 
vaulters in this sample (n = 8) presented an A/D pattern while A/O (n = 3) and R/F (n = 3) patterns were 208 
less common. These findings align with previous research in similar gait regulated tasks such as long 209 
jumping where the A/D pattern was most common (Hay & Koh, 1988). The A/D pattern was remarkably 210 
similar to that observed in previous long jump studies (Lee et al., 1982; Hay & Koh; Scott et al., 1997; 211 
Panteli et al., 2014) in terms of the presence of an ascending/descending pattern and the onset point 212 
of regulation. This suggests that the majority of pole vaulters did regulate locomotion to achieve a 213 
desired take-off location.  214 
Regulation patterns do not appear to be associated with skill level here given that the top two 215 
performers in this sample presented different patterns. Further to this, performers who demonstrated 216 
an R/F pattern presented very low levels of variability throughout the approach phase, demonstrating 217 
that high performance levels can be achieved through the use of differing regulation strategies. The R/F 218 
regulation strategy is the closest to a stereotyped movement pattern i.e. an approach run with the 219 
absence of variability (Richardson, 2013). However, this strategy may lack robustness as these 220 
participants do not demonstrate an ability to make functional adjustments during the approach phase, 221 
which may be required to ensure success through take-off position consistency. Movement system 222 
robustness or the ability to functionally adapt to perturbations in the task are commonly associated with 223 
expert behaviour (Seifert et al., 2013). Expert performance has been associated with stable movement 224 
patterns that are not stereotyped and rigid but flexible and adaptable, since neurobiological systems 225 
can exploit inherent degeneracy (Edelman & Gally, 2001). These concepts are further supported when 226 
success rates are considered, see results section. Those who showed evidence of adaptability, i.e. 227 
were able to produce a stable movement pattern when needed or a flexible movement pattern when 228 
needed (Seifert et al., 2013), achieved a 94% success rate (A/D pattern - regulation group). In contrast, 229 
those who showed evidence of a rigidly stable and inflexible movement pattern (A/O or RF pattern - 230 
non-regulation group) achieved a 54% success rate. On this basis, the post hoc grouping utilised in this 231 
study seem justified. It should be noted that all trials presented in this study were successful ones which 232 
may in part explain the similarities in take-off location accuracy between groups.  233 
Correlations analysis between AdjR and AdjP revealed significant relationships for the 234 
penultimate and final steps in the regulation group only. Given that the non-regulation group did not 235 
show evidence of regulating or adjusting gait it is unsurprising that no significant correlations were 236 
observed.  Adjustments produced by the regulation group occurred later during the pole vault approach 237 
phase, than during the long jump approach phase (Montagne et al., 2000; Panteli et al., 2014) where a 238 
significant correlation was noted at every step after the onset of regulation (approximately six steps 239 
from take-off). This later onset of regulation for pole vaulters may be attributed to the reduced 240 
accumulation of variance in footfall location (0.15 m) when compared to long jumpers (0.23 m for elite 241 
performers (Hay, 1988); 0.29 m for junior performers (Berg et al., 1994)). Lower variability in footfall 242 
locations would therefore reduce the demand for regulation. When the pole vault approach phase is 243 
considered in the context of a perception-action couple (Glize & Laurent, 1997; Montagne et al., 2000), 244 
perceptual information that signifies the need to produce adjustments would be expected to arrive later 245 
in the approach phase when magnitudes of variability are lower.  246 
The influence of pole carriage upon regulation of gait remains unclear. Where the pole vaulter 247 
experiences greater constraints due to the demands of coordinating the lowering of the pole, the 248 
flexibility to adapt to local conditions may be limited. Additionally, the high risk of injury associated with 249 
not achieving the correct take-off location cannot be ignored (Rebella et al., 2008; Boden et al., 2012). 250 
While an inability to adapt and produce adequate adjustments during a long jump approach phase may 251 
lead to a discounted jump, failure to produce adequate adjustments during the pole vault approach 252 
phase can result in serious injury (Rebella et al., 2008; Boden et al., 2012). 253 
In this sample, individual response patterns were present within both groups. Each individual 254 
produced a unique set of results in order to satisfy their own intrinsic dynamics (Turvey, 1990). In order 255 
to investigate potential driving principles governing the behaviour of the movement system an 256 
exploratory PCA was utilised. Structural differences in the data between the regulation group and non-257 
regulation group were identified.  For the regulation group, the first three principle components were 258 
heavily loaded with variables which describe regulation of gait and velocity, two of the key task demands 259 
of the approach phase. In contrast, for the non-regulation group, only velocity based variables loaded 260 
onto PCs (Table 1). Two unique data structures were identified, one where the movement system is 261 
governed by a combination of velocity and regulatory based variables (regulation group) and one which 262 
is governed only by velocity based variables. Structural differences between the two groups were also 263 
noted as six PCs accounted for over 95% of the variance in the regulation group data while five PCs 264 
were required for the non- regulation group. Increased complexity has been linked to the prevention of 265 
the system becoming too stable and thus preventing the emergence of functional movement solutions 266 
(Davids et al., 2003). These findings advocate the need for future research to conduct a detailed 267 
analysis of the coordinative structures that emerge during the pole vault approach phase under 268 
interacting constraints (Seifert et al., 2014). Further, while the influence pole carriage may have an effect upon the 269 
findings of this study, it is beyond the scope of this research to understand what this influence may be. 270 
Further research, assessing the influence of pole carriage experimentally is therefore required. 271 
The results illustrate a clear inability by some performers (non-regulation group) to achieve 272 
consistent performance outcomes, in terms of success rates, and explore reasons why these individuals 273 
cannot satisfy the regulatory task demands of the pole vault approach phase. By linking the application 274 
of biomechanics, motor control and training theory (Dick, 2007), these findings can provide coaches 275 
with meaningful information relating to the performer’s approach phase performance and facilitate the 276 
development of athlete-specific training drills.  277 
Practical solutions can be derived from a performer’s approach phase data which develop the ability to 278 
functionally interact with key constraints (i.e. the task and environment) (Davids et al., 2013). In the 279 
pursuit of expert performance, degenerate behaviours (Edelman & Gally, 2001) can be explored to 280 
widen the bandwidth of variability that performers can work within while still achieving consistent 281 
performance outcomes. When implementing training drills that introduce locomotor regulation and 282 
promote functional variably during the approach phase, practitioners should manipulate key task 283 
constraints, including perception-action constraints (Davids et al., 2013), that facilitate the emergence 284 
of flexible and adaptable movement patterns. For example, for those identified as regulatory athletes, 285 
perturbing the approach phase by adjusting the starting position may prove useful. In order to still 286 
achieve the desired take-off location the athlete would be required to regulate their approach by differing 287 
amounts thus challenging their regulatory ability. In contrast, for athletes identified as non-regulatory, 288 
introducing additional perceptual information, such as a clear take-off mark on the runway, might assist 289 
in the development of regulatory abilities.  290 
Conclusion: 291 
Pole vaulters in this study demonstrated three distinct patterns of SD ff. Locomotor regulation occurred 292 
predominantly during the penultimate and final steps. Patterns of regulation were highly individual but 293 
structural differences between those who did and those who did not regulate were identified.  294 
Regulation of locomotion was associated with an ability to produce functionally adaptable movement 295 
patterns and the consistent achievement of desired performance outcomes. These key findings can 296 
be linked to the application of training theory to allow coaching practitioners to prescribe informed 297 
interventions in the pursuit of performance enhancement. Athletes should be considered on an 298 
individual basis in order to effectively, efficiently and safely improve performance. Future work should 299 
consider the robustness of these patterns under changing task constraints.  300 
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Figure 1. Schematic diagram showing camera positions relative to the runway. Calibration locations are 402 
defined by the crosses, black lines indicate each camera’s field of view. (Not to scale).   403 
 404 
Figure 2. Example SDff profiles for each of the regulation types as defined by Hay (1988) and Berg et 405 
al. (1994) (adapted from Needham et al., 2016). Solid line, A/D pattern. Dashed line, A/O pattern. 406 
Dotted line, R/F pattern.  407 
 408 
Figure 3. Mean SDff profiles for regulation group (left) and non-regulation group (right) athletes with 409 
individual profiles provided in gray. Regulation group athletes presented an A/D pattern (left – solid 410 
lines) while non-regulation group presented either R/F (right – dashed line) or A/O patterns (right – 411 
dashed-dot line).  412 
 413 
Figure 4. The relationship (R2) between the amount of SL adjustment required and the amount of step 414 
SL adjustment produced for each group (left, regulation group & right, non- regulation group). * 415 
Indicates significant correlations (p <0.05). 416 
 417 
 418 
 419 
